Abstract. Mangroves are an ecological assemblage of trees and shrubs adapted to grow in intertidal environments along tropical, subtropical, and warm temperate coasts. Despite repeated demonstrations of their ecologic and economic value, multiple stressors including nutrient over-enrichment threaten these and other coastal wetlands globally. These ecosystems will be further stressed if tropical storm intensity and frequency increase in response to global climate changes. These stressors will likely interact, but the outcome of that interaction is uncertain. Here, we examined potential interaction between nutrient over-enrichment and the September 2004 hurricanes. Hurricanes Frances and Jeanne made landfall along Florida's Indian River Lagoon and caused extensive damage to a long-term fertilization experiment in a mangrove forest, which previously revealed that productivity was nitrogen (N) limited across the forest and, in particular, that N enrichment dramatically increased growth rates and aboveground biomass of stunted Avicennia germinans trees in the interior scrub zone. During the hurricanes, these trees experienced significant defoliation with three to four times greater reduction in leaf area index (LAI) than control trees. Over the long term, the þN scrub trees took four years to recover compared to two years for controls. In the adjacent fringe and transition zones, LAI was reduced by .70%, but with no differences based on zone or fertilization treatment. Despite continued delayed mortality for at least five years after the storms, LAI in the fringe and transition returned to pre-hurricane conditions in two years. Thus, nutrient over-enrichment of the coastal zone will increase the productivity of scrub mangroves, which dominate much of the mangrove landscape in Florida and the Caribbean; however, that benefit is offset by a decrease in their resistance and resilience to hurricane damage that has the potential to destabilize the system.
INTRODUCTION
Hurricanes are a frequent but aperiodic natural form of disturbance along coastal regions around the world. In Florida and throughout much of the Caribbean, these episodic storms have direct and indirect effects on the dynamics of mangrove forests, which dominate coastal landscapes in this region (Lugo 2008 , Smith et al. 2009 , Jiang et al. 2014 . The initial damage to mangroves and subsequent recovery time depend not only on hurricane intensity (e.g., wind speed, forward speed, and storm surge), but also on forest structure, including stand density, tree height, and biomass accumulation (Roth 1992 , Doyle and Girod 1997 , Piou et al. 2006 . In mangroves, such structural characteristics also vary in undisturbed forests along environmental gradients in tidal elevation, salinity, and nutrient availability (Lugo and Snedaker 1974 , Sherman et al. 2001 , Ball 2002 , Feller et al. 2003a , b, Castaneda-Moya et al. 2013 . During recovery, these characteristics can be influenced by huge allochthonous subsidies of nutrients delivered to mangrove forests by hurricanes (Scatena et al. 1996 , Silver et al. 1996 , Davis et al. 2004 , Lovelock et al. 2011 .
The mangrove forests that line the Atlantic coast of Florida were hit by more than 100 hurricanes between 1851 and 2004 (Blake et al. 2005) , but multiple storms hitting the same area of coast in a given season are extremely rare events (Liu 2007) . However, two of the four hurricanes that hit Florida in 2004 made landfall within ;3 km of each other along the Indian River Lagoon (IRL) and followed nearly identical paths across the state. Hurricane Frances, a Category 2 storm (SaffirSimpson Hurricane Wind Scale [NHC 2012]) , came ashore near Stuart on 5 September (Bevan 2014 ) with 167 km/h maximum sustained winds. It was among the 10 costliest storms that have hit the United States, with much of the damage attributed to its slow movement (data available online).
5 Three weeks later, on 25 September, Hurricane Jeanne, a Category 3 storm, made landfall near Stuart with maximum sustained winds near 195 km/h. In the year following these storms, several studies examined the damage to Florida's coastal ecosystems (e.g., Lapointe et al. 2006 , Paperno et al. 2006 , Ridler et al. 2006 , Sallenger et al. 2006 , Steward et al. 2006 , Tomasko et al. 2006 , Wang and Horwitz 2007 , Dix et al. 2008 , Carlson et al. 2010 ). These studies found spatial variation in the amount of physical damage sustained by coastal environments and the resident flora and fauna (Greening et al. 2006) . In mangrove forests, the physical damage and level of defoliation varied with distance from the eye walls of the hurricanes , Tomasko et al. 2006 . Mangrove stands with larger mangrove trees and lower densities sustained greater damage from hurricane winds (Vogt et al. 2011 ). In addition, Proffitt et al. (2006) found that, in the first year following the storms, mangrove reproduction was reduced by an order of magnitude. However, no studies have subsequently reported on mangrove recovery over the longer term after hurricanes Frances and Jeanne.
Our specific objective was to investigate how differences in nutrient availability affected damage levels and long-term recovery in a mangrove forest along the IRL following hurricanes Frances and Jeanne. These storms passed directly over an established fertilization experiment in which we had measured forest structure and tracked mangrove response to nutrient enrichment. The initial purpose of this experiment was to examine what types of changes occur within mangrove ecosystems in response to nutrient over-enrichment, which remains one of the major global threats to coastal wetlands (e.g., Cloern 2001 , Boesch 2002 , Deegan et al. 2012 . Results from our experiments have previously shown that primary production in mangrove forests along the IRL was nitrogen (N) limited and that N enrichment significantly altered plant growth, photosynthesis rates, tree height, leaf area index, foliar nutrient dynamics, herbivory, decomposition, and competitive interactions among mangrove species (Table 1; Feller et al. 2003b , 2013 , Lovelock and Feller 2003 . However, these studies also showed that the size of the response to N enrichment varied by species and zone along a tidal elevation gradient. In the present study, we used that fertilization experiment to determine how increased nutrient availability and forest zone affected the susceptibility of mangrove to hurricane damage (resistance) and their rate of recovery (resilience) after the storm.
The 2004 hurricanes struck our study site eight years after we had initiated the fertilization experiment, providing an additional opportunity to assess the role of disturbance in modulating growth, canopy dynamics, and recovery. Because N was found to be the element limiting mangrove growth at our site, we hypothesized that the N-fertilized (þN) trees would sustain greater damage than control trees as a result of decreased resistance to hurricane winds due to larger, denser canopies, but that they would recover faster as a result of increased resilience associated with more rapid growth rates (Herbert et al. 1999) . We further hypothesized that damage and recovery would also vary by species and zone. Although some studies found that susceptibility to hurricane damage varies with species and size of mangrove (Baldwin et al. 1995 , Imbert et al. 1996 , McCoy et al. 1996 , Sherman et al. 2001 , Vogt et al. 2011 , others found similar levels of damage among mangrove species and among size classes within species (Odum et al. 1982 , Gresham et al. 1991 , Smith et al. 1994 , Sherman et al. 2001 . Because mangrove forests are often characterized by low floristic diversity, several studies have predicted that the recovery trajectory is relatively simple such that biological diversity, forest structure, ecosystem processes, and ecological functions will completely regain their former states following hurricane disturbance (Lugo et al. 1976 , Ogden 1992 , Smith et al. 1994 . Although mangrove species diversity is low in the Atlantic-Caribbean region, the physiognomy of mangrove forest types is diverse, ranging from scrub stands ,1.5 m tall to .30 m tall in riverine systems as a function of hydrogeomorphology (RiveraMonroy et al. 2004) . Long-term studies following cumulative damage and recovery from multiple storms across south Florida found that hurricane damage was most significantly related to forest type such that basin mangroves suffered more damage than riverine or island mangroves while other studies observed that scrub forests showed little if any damage following even catastrophic hurricanes (Lugo 1997 , Smith et al. 2009 ). Ross et al. (2006) proposed that such differences in mangrove forest type and productivity along hydrogeomorphic gradients may arise through competitive interactions that develop during recovery following hurricane damage, suggesting a long-term (Carlson et al. 1983 , Rey et al. 1986 , 1990 , Rey and Kain 1991 . Hydrological connection between MI 23 and the IRL is maintained through the breach and three culverts. Vegetation at this site is characterized by a tree-height gradient, perpendicular to the shoreline (Fig. 1) . Rhizophora mangle L. (red mangrove) trees, 3-5 m tall, dominate to form a dense fringe along the canal at the seaward edge of MI 23. Landward of the fringe, the transition zone is a mix of slender Avicennia germinans L. (black mangrove) and Laguncularia racemosa Gaertn.f. (white mangrove) trees of decreasing height, from ,3.0 to .1.5 m tall. Landward of the transition zone, the scrub zone in the interior of MI 23, is dominated by stunted, ,1.5 m tall, old-growth A. germinans trees characterized by low stature, infrequent branching, and small internodal lengths Snedaker 1974, Lugo 1997) , which distinguishes them from saplings, which also have low stature but are relatively young, vigorously growing plants as indicated by long internodes and frequent axial branching (Feller and Mathis 1997) . At MI 23, scrub A. germinans cover over 60% of the mangrove landscape (Feller et al. 2003b ).
Experimental design
The experimental design was a randomized complete block with a factorial treatment arrangement. Transects along the tree-height gradient were replicated in three blocks, 100-150 m apart, along the western side of MI 23. In each block, three transects, 25-50 m long and ;10 m apart, were oriented perpendicular to the shoreline and subdivided into fringe, transition, and scrub zones (Feller et al. 2003b) . Two species were targeted for fertilizer treatment: R. mangle in the fringe zone and A. germinans in the transition and scrub zones. In each block, three replicate trees were selected within each zone. Trees were fertilized with 300 g of N fertilizer as urea (45:0:0), or P fertilizer as P 2 O 5 (0:45:0), as described in Feller (1995) . Nutrient treatment for each transect within each block was assigned randomly. Nine trees per nutrient treatment per zone in each block for a total of 81 trees (3 nutrient treatments 3 3 zones 3 3 blocks 3 3 replicate trees per zone) were treated and measured before and after the hurricanes at six-month intervals from 1997 to 2011. Doses (150 g) of fertilizer were placed in small holes (3 cm diameter 3 30 cm deep), cored into the substrate beneath the drip line on opposing sides of the canopy of each tree, and sealed. We used this method rather than surface broadcasting to minimize our nutrient footprint and to assure that the fertilizers were available to tree roots rather than lost in tidal flushing. For controls, holes were cored and sealed, but no fertilizer was added.
Plant growth.-As a bioassay of the effects of storm damage and nutrient treatment on plant growth, we tracked the responses of five, initially unbranched, shoots (first order) in sunlit positions in the outer part of the canopy of each tree for two years following the September 2004 hurricanes. In June 2007, about three years after Hurricanes Frances and Jeanne, we harvested the tagged shoots and measured shoot length and biomass, number of nodes, and leaf area and biomass. These data were used to determine growth rates in the fertilization experiment.
Damage and recovery.-Damage and recovery of the mangrove canopy structure were quantified with leaf area index (LAI) using a gap fraction method. Hemispherical photographs were taken with a Nikon Coolpix digital camera (model 995; Nikon, Tokyo, Japan) fitted with a fisheye lens and in the same position under the canopy of each of the fertilized trees in the experiment (Fig. 2 ). Images were processed using Hemiview Canopy Analysis Software (version 2.1; Delta-T Devices, Cambridge, UK). Pre-hurricane LAI values were measured based on hemispherical photographs taken in April 2003. To quantify the damage caused by each storm, additional hemispherical photographs were taken one week after Hurricane Frances and one week after Hurricane Jeanne. To track recovery, this process was repeated at ;6-12 month intervals thereafter for six years. At each time, we also measured tree height and porewater salinity. Porewater was collected from a depth of 15 cm at the base of each tree with a probe attached to a suction device.
Woody debris.-The input of biomass of downed and standing woody debris as a result of the September 2004 hurricanes was quantified using 4 3 4 m plots in fringe, transition, and scrub (N ¼ 3) zones at MI 23. The nine plots were initially sampled in April 2005, approximately seven months after hurricanes Frances and Jeanne. To track changes in the amount of dead wood over the subsequent five-year period, these plots were resampled in June 2007 and November 2010. Each time, all pieces of dead wood on the ground (downed) and in the canopy (standing) were removed and sorted. After sorting to species, samples were sorted by size class into fine woody debris (FWD), which included twigs and small branches (,1 cm diameter), pneumatophores, seedlings, and coarse woody debris (CWD), which included larger branches, boles, and prop roots (.1 cm). These samples were further sorted into three decay classes (i.e., sound, intermediate, rotten), following the methods described in Krauss et al. (2005) . The ''sound'' class was recently killed wood with intact bark and was indicative of dead wood caused by the September 2004 hurricanes. Both the intermediate and rotten classes had been dead longer than one year. For the intermediate class, the wood was still firm but was missing its bark. For the rotten class, the wood was soft and disintegrating. All samples were then weighed, and a subsample from each sorted component was oven-dried to determine a conversion factor for estimating dry weight per sample, which was used for estimating biomass of woody debris (g/m 2 ) by species and size/decay classes. Statistics.-Our data from the fertilization experiment were grouped by nutrient treatment (Control, þN, þP) and zone (fringe, scrub) at three replicate sites at MI 23. We used the GLM procedure repeated-measures analysis of variance (ANOVA) univariate tests of hypotheses for within-subject effects on LAI measurements repeated at 6-12 month intervals to look for possible differences in recovery patterns over a seven-year period. We used two-way ANOVAs for each response variable. Tukey's Honestly Significant Difference (HSD) tests were applied to examine pairwise differences within and among the treatment levels. Response variables were either log-or square-root transformed prior to ANOVA analyses to respect variance homogeneity and normality. Repeated-measures ANOVAs were done with R software 2.9.0 (R Development Core Team 2009); all other analyses were done in SYSTAT 11 (Systat 2004) .
RESULTS
Plant growth.-Shoot elongation rates (cm/month), which were measured four times between June 2000 and January 2007, were used to compare plant growth before and after the September 2004 hurricanes. The hurricanes had a significant effect on shoot elongation over that time period (repeated-measures ANOVA, F 4,48 ¼ 33.56, P , 0.001; Fig. 3 ). Before the hurricanes, the þN treatment caused a significant increase in growth relative to both control and þP treatment in each zone (repeatedmeasures ANOVA, F 2,51 ¼ 20.291, P , 0.001), with the highest rates in þN trees in the transition zone trees (repeated-measures ANOVA, F 4,51 ¼ 4.403, P , 0.005). For almost three years after the hurricanes, growth rates in all zones were significantly lower than they were before the storms, with no significant difference among nutrient treatment levels (repeated-measures ANOVA, F 16, 147 ¼ 2.537, P , 0.002). Although there was a slight but non-significant increase in growth for the þN trees in the transition zone, values were still less than half their pre-hurricane levels.
Leaf area index.
-LAI values for individual trees in the fertilization experiment at MI 23, which were made 11 times beginning with pre-hurricane conditions in April 2003 through November 2011, provide a measure of the defoliation caused by each of the storms and the subsequent recovery of the canopy by nutrient treatment and zone (Fig. 4) . Over this time period, LAI changed significantly (Table 2) . That change in LAI over time was significantly affected by both nutrient treatment and zone, with a significant zone 3 nutrient treatment interaction. Although Hurricane Jeanne was the stronger of the two storms, most of the reduction in LAI was caused during Hurricane Frances, the first of the two storms (Fig. 4) . Pre-hurricane LAI levels from April 2003 showed a significant relationship with LAI measured immediately after Hurricane Frances (r 2 ¼ 0.45, F 1,78 ¼ 64.50, P , 0.0001), but not with LAI measured immediately after Hurricane Jeanne (P . 0.05). But, the magnitude of the effect was not uniform. Before the storms in 2003, the effect of nutrient treatment differed significantly by zone with a statistically significant interaction between nutrient treatment and zone (ANOVA, F 4,71 ¼ 10.54, P , 0.001). Pairwise contrasts indicated that the LAI values for control trees were significantly lower in the scrub zone than in the fringe (Tukey's HSD test, P , 0.001) or transition (Tukey's HSD test, P , 0.001) zones. Also within the scrub zone, þN trees had significantly greater LAI levels than control (Tukey's HSD test, P , 0.001) or þP (Tukey's HSD test, P , 0.001) trees. However, following the September 2004 hurricanes, LAI was reduced to similar levels in all zones.
In the scrub zone, LAI levels were reduced by 46.5% 6 4.1% (mean 6 SE) in þN trees compared to 32.1% 6 10.5% in controls and 26.9% 6 16.6% in þP trees. There was a significant relationship between pre-and postFrances LAI levels for scrub trees (r 2 ¼ 0.59, F 1,26 ¼ 36.58, P , 0.0001), but there were no differences between pre-and post-Jeanne LAI or between postFrances and post-Jeanne LAI. After Hurricane Jeanne, LAI levels were reduced by 71.2% 6 2.4% in the þN trees compared to 28.9% 6 12.2% in control trees and 16.2% 6 15.8% in the þP trees. Based on measurements made over a seven-year period, LAI levels recovered to pre-hurricane levels by January 2007 for Controls and þP trees but not until August 2008 for þN trees (Fig. 4) . Subsequent to Aug. 2008, LAI continued to increase for all nutrient treatments in the scrub zone to exceed prehurricane levels.
In the transition and fringe zones, all nutrient treatments sustained similar amounts of defoliation that caused a reduction in LAI by 78.6% 6 1.0%, 80.0% 6 2.6%, and 83.3% 6 2.6% in control, þN, and þP trees, respectively. The LAI for our experimental trees in the both of these zones returned to pre-hurricane levels by January 2007, with no significant differences based on nutrient treatment (Fig. 4) . Additionally, the fringe and transition trees subsequently experienced large reductions in LAI in 2008 and in 2010 when there were no storms, which may have been a result of delayed mortality in the canopy or persistent drought conditions in the region during that time period (SFWMD 2009 , Abtew et al. 2010 . During these droughts, porewater salinities increased significantly in all three zones (repeated-measures ANOVA; F 10, 120 ¼ 7.068, P ¼ 0.000). The scrub zone was consistently hypersaline, but values fluctuated significantly over time (repeatedmeasures ANOVA; (Table 3 ). The woody debris present at that time was primarily in the sound-wood decay class, which indicated that it had died recently as a result of the hurricanes (Table 3) . Thus, approximately 60% of the standing dead wood biomass in the fringe and 80% in the scrub and transition zones were attributable to the hurricanes. For the downed wood, approximately 50% of the dead wood was a direct result of the hurricanes. There was considerable variability among the plots in the transition and fringe zones with no significant differences in the amounts of dead wood in those parts of the mangrove forest. When we resampled the plots two years later in June 2007, approximately three years after the 2004 hurricanes, there was a large increase in the amount of recently dead and standing CWD in the fringe zone as a result of delayed mortality of R. mangle (Fig. 5) . In August 2010, we found a pulse of recently dead R. mangle twigs and smaller parts of the canopy that had subsequently fallen to the ground to become part of the downed FWD in the fringe zone. In addition, delayed mortality in L. racemosa trees also became evident in August 2010 and caused a significant increase in the amount of standing FWD in the transition zone. Unlike the fringe and transitions zones, the scrub trees suffered minor losses to the woody portions of their canopies over the course of our study with no evidence of delayed mortality.
DISCUSSION
Our results show that, while increasing nutrient availability enhanced the productivity of scrub mangroves in the IRL, it also increased their susceptibility to hurricane damage and decreased their ability to recover following such disturbances. These findings suggest that nutrient over-enrichment of the coastal zone may amplify the impact of hurricanes on mangroves and lower their resilience to storms and other disturbances particularly in scrub mangrove forests. In this forest type, often referred to as dwarf forests, individual trees are ,1.5 m tall but are relatively old Snedaker 1974, Lugo 1997) . Fertilization experiments in several such old-growth scrub mangrove stands have demonstrated that they are nutrient limited and that addition of the limiting nutrient dramatically increased their productivity and converted their stunted physiognomy to resemble more vigorously growing trees in fringing mangrove forests (Feller 1995 , Feller et al. 2003a , b, Lovelock et al. 2006 , Martin et al. 2010 . Although the aboveground biomass in scrub mangroves is low compared to other types of mangrove forests, these low-stature forests are widespread and have been documented to dominate much of the mangrove landscape not only at our study site along the IRL (Feller et al. 2003b ), but also in south Florida (Ross et al. 2001 , Simard et al. 2006 , Belize (Murray et al. 2003, Rodriguez and , Panama (Lovelock et al. 2005) , and throughout the Caribbean (Rivera- Monroy et al. 2004) .
Several studies have observed that their low stature allows scrub mangroves to escape hurricanes with negligible defoliation (Craighead 1971 , Roth 1992 , Lugo 1997 . Experimental studies have shown that scrub mangroves are extremely sensitive to increased nutrient availability and respond to nutrient enrichment with dramatic increases in stature as a result of increased shoot elongation, branching, and leaf production (Feller 1995 , Feller et al. 2003a , b, 2013 , Lovelock et al. 2004 , Reef et al. 2010 , which could make them more vulnerable to the wind damage associated with intense tropical storms. Similar to observations in Australia by Lovelock et al. (2009) , the benefits of increased mangrove biomass in response to nutrient over-enrichment of the coastal zone will be offset by lower resilience of mangroves to increased disturbance.
Despite the potential importance of interactions between anthropogenic and natural disturbances for many ecosystems (e.g., Mallin et al. 2002) , few experiments have evaluated the impacts of nutrient loading on the level of damaged sustained during disturbance events (Herbert et al. 1999 , Lovelock et al. 2011 . It is not known how increased nutrients from anthropogenic sources might affect damage and recovery of mangroves from hurricanes. In a fertilization experiment in Hawaii, Herbert et al. (1999) found that experimental nutrient additions had significant effects on hurricane damage and recovery and that increased availability of P, the limiting nutrient in a montane Metrosideros polymorpha forest, resulted in higher damage and/or decreased resistance coupled with faster recovery, which indicated an increase in resilience. Notes: Dead wood on the ground (downed) and in the canopy (standing) was collected and sorted into fine woody debris (FWD) and coarse woody debris (CWD). Samples were categorized based on decay class: sound, intermediate, rotten.
Contrary to predictions that resilience and resistance are inversely related (Hollings 1973 , Attiwill 1994 , LAI and growth measurements in our fertilization experiment in a mangrove forest along the Indian River Lagoon following hurricanes Frances and Jeanne in September 2004 showed that increased availability of N, the limiting nutrient at our site, resulted in more structural damage to the canopy and slower recovery to prehurricane levels. It took four years for the þN trees to return to pre-hurricane LAI levels compared to two years for the control trees. These results, which were only evident in the scrub zone, partially supported our predictions that the þN trees would sustain more damage than control trees as a result of decreased resistance to hurricane winds, but would recover faster as a result of increased resilience.
For the mangrove forest at MI 23, earlier studies experimentally identified N as the growth-limiting nutrient (Feller et al. 2003b , 2013 , Lovelock and Feller 2003 and determined that the addition of N fertilizer (þN) caused a significant increase in plant growth while the addition þP had no effect on growth. The September 2004 hurricanes resulted in a significant decrease in growth, measured as shoot elongation, in all zones and nutrient treatments (Fig. 3) . Although the experimental addition of fertilizer continued, that pattern of decreased growth persisted over a three-year period following the hurricanes. This contrasts with other studies that have found a subsidy effect for mangrove productivity as a result of increased delivery of nutrients by a storm (Davis et al. 2004 , Lovelock et al. 2011 . In contrast to a similar fertilization experiment in a mangrove forest in Western Australia, Lovelock et al. (2011) found an increase in growth in the year following the 2008 Cyclone Pancho, attributed to nutrient and freshwater subsidies delivered by the storm. However, there was no canopy damage associated with Cyclone Pancho, but rather mangroves were exposed to enriched flood waters. FIG. 5. Coarse (CWD) and fine (FWD) woody debris from the ground (downed) and from the canopy (standing) in 4 3 4 m plots (N ¼ 3) in the fringe, transition, and zones at MI 23 collected three times over a six-year period.
Although nutrient subsidies enhance primary productivity of coastal wetlands, nutrient-enrichment experiments have shown that increased nutrients are detrimental to the long-term maintenance of mangroves and salt marshes (Verhoeven et al. 2006 , Reef et al. 2010 , Deegan et al. 2012 . For example, fringing mangroves in Florida and Belize experienced increased belowground decomposition, subsidence and loss of habitat stability in response to nutrient enrichment (Feller et al. 2003b , McKee et al. 2007 . In mangrove fertilization experiments in Australia, nutrient enrichment increased the sensitivity to hypersalinity and drought in Avicennia marina trees, which resulted in increased mortality rates (Lovelock et al. 2009 ). Several studies found that competitive interactions, plant-herbivore dynamics, habitat suitability, and community structure were altered in response to fertilization (Feller 1995 , Lovelock and Feller 2003 , Feller and Chamberlain 2007 , Minchinton and McKenzie 2008 , Feller et al. 2013 . Feller et al. (1999) found that nutrient enrichment dramatically reduced nutrient use efficiency and the ability of mangroves to act as a sink for nutrients. In other coastal wetlands, nutrient enrichment is also widely recognized as a major driver of habitat loss, eroding shorelines and reducing carbon storage (e.g., Morris and Bradley 1999 , Cloern 2001 , Bertness et al. 2002 , 2008 , Turner et al. 2009 , Deegan et al. 2012 , Turner 2012 , Morris et al. 2013 .
Hurricane effects on mangrove canopy.-LAI values for the þN trees in the scrub zone, which exhibited vigorous growth in response to the experimental treatment (Feller et al. 2003b) , were reduced ;50% by Hurricane Frances and another ;25% by Hurricane Jeanne. Although nutrient availability had no detectable effect on damage levels in the fringe and transition zones, the þN trees in the scrub zone sustained higher levels of damage than P-fertilized or control trees. Based on our repeated measurements of LAI and growth, the effects of these hurricanes continued to be evident in the mangroves for at least three to four years after the passage of these storms.
Results from our study at MI 23 showed that the damage levels to the mangrove canopy caused by the September 2004 hurricanes (hurricanes Frances and Jeanne) along the IRL varied by structural and species differences among zones and nutrient availability (Fig.  4) . Contrary to other studies that found hurricane damage in coastal forests was similar among mangrove species and among size classes within species (Odum et al. 1982 , Gresham et al. 1991 , Smith et al. 1994 , we found that mangroves of different size classes were affected differently by hurricanes. Individual plants (measured repeatedly) changed in LAI over time differently depending on their zone and nutrient treatment. In the A. germinans-dominated scrub zone (Fig. 4) , a comparison of before and after LAI values suggested that these low-stature trees (,2 m tall) in the interior portions of the mangrove forest sustained very little defoliation or stem breakage. Similar observations have been made after other hurricanes (Craighead 1971 , Smith et al. 1994 , Lugo 1996 . Following each hurricane, layers of wrack lodged in the tops of scrub trees indicated that they were immersed by high water during the storms, which likely protected them from wind damage. In contrast, the taller trees (2-3 m) in the A. germinans-L. racemosa transition zone, just seaward of the scrub zone, sustained extensive defoliation as well as breakage of most of the small branches out of their canopies. This pattern of damage further contrasts with the narrow R. mangle-dominated fringe zone immediately along the water (4-5 m tall), which experienced less defoliation but more breakage in the canopy of major branches and boles. Over the course of our study, recovery to pre-hurricane LAI in the fringe and transitions zones seemed to be further exacerbated by a persistent drought in the region.
Although the second of the two storms, Hurricane Jeanne, was stronger than the first storm, Hurricane Frances, before and after hurricane comparisons of LAI at our study site showed that the first storm caused significantly more damage to the mangrove canopy (Fig.  4) . Frances was a category 2 hurricane with maximum sustained winds of 167 km/h when it made landfall on South Hutchinson Island on 5 September 2004 (NHC 2004) . In contrast, Jeanne was a stronger category 3 hurricane with maximum sustained winds of 195 km/h when it made landfall three weeks later along the same portion South Hutchinson Island. It is likely that lower damage by Hurricane Jeanne was due to less resistance to the wind as a result of the prior defoliation that had occurred during Hurricane Frances.
Based on large inputs of woody debris, measured at three and six years after the September hurricanes, trees in the fringe and transition zones also experienced extensive additional damage as a result of delayed mortality (Fig. 5) . When we resampled our plots in 2007, we found large dead branches in R. mangle trees in the fringe zone that had been alive in November 2005. By 2010, the evidence of the delayed mortality was detected in the fringe zone as a pulse of downed FWD, composed of R. mangle twigs and small stems, and in the transition zone as a pulse of recently dead standing FWD, composed mainly small branches in the canopies of L. racemosa that had died since our 2007 survey. Krauss et al. (2005) found that the ratio of fine to coarse woody debris increased with time after the passage of Hurricane Andrew in south Florida. For our site along the IRL, we found large increases in the input of FWD and CWD for more than five years after the Hurricanes Frances and Jeanne as a result of delayed mortality in the canopy in the transition and fringe zones, but with no evidence of delayed mortality in the scrub zone regardless of nutrient treatment. However, our data did not reveal any trends in FWD : CWD with time. Consistent with observations made following Hurricane Donna (Craighead and Gilbert 1962) and Hurricane Andrew (e.g., Smith et al. 1994) , these results provide evidence that indirect damage was more severe than the immediate effects of the storms. Delayed mortality as an indirect effect of hurricane damage has also been documented in other ecosystems, including coral reefs in Jamaica (Knowlton et al. 1981) , upland forests in Puerto Rico (Walker 1995) , and forests of the southeastern United States (Zeng et al. 2009 ).
Storm recovery
In the year following hurricanes Frances and Jeanne, the growth rates of both A. germinans and R. mangle decreased in all three zones. By the second year, growth rates started to increase but were still lower than they were before the hurricanes (Feller et al. 2003b ). Other studies have found a similar pattern and have suggested that pulses of dead wood result in short-term immobilization of nutrients in microbial pools and lead to decreased forest productivity (Zimmerman et al. 1995 , Scatena et al. 1996 , Lugo 2008 . Scatena et al. (1996) showed that it took more than three years for leaf nutrient concentrations to return to pre-hurricane concentrations.
Numerous studies have investigated the impact of hurricanes on coastal ecosystem processes (Greening et al. 2006) . Other researchers have suggested that because mangrove forests are characterized by low floristic diversity compared to other tropical and subtropical forests, the recovery trajectory will be relatively simple and biological diversity, forest structure, ecosystem processes, and ecological functions will completely regain their former states following hurricane disturbance (Lugo et al. 1976 , Ogden 1992 , Smith et al. 1994 . In this study, we found that recovery was not straightforward, and that nutrient enrichment affected both the level of impact and the rate of recovery from hurricane damage in a mangrove forest, with N-enriched scrub trees taking longer to return to pre-hurricane conditions than Control trees. Although there is considerable uncertainty in climate model projections, the intensity of hurricanes and perhaps the frequency may increase in the future (Bender et al. 2010 , Emanuel 2013 , Wang et al. 2014 . At the same time, nutrient loading remains a threat to the coastal zone and is projected to increase over the next few decades as fertilizer use increases to meet the demands of expanding human population (Deegan et al. 2012) . Given that scrub mangrove forests predominate so much of the mangrove landscape in south Florida and the Caribbean (e.g., Feller and Mathis 1997 , Lugo 1997 , Murray et al. 2004 , Rodriguez and Feller 2004 , Lovelock et al. 2005 , Simard et al. 2006 , our study suggests that the coupling of these anthropogenic stressors could influence the mechanisms and trajectory of recovery of mangroves to large-scale disturbances and thereby diminish their ability to provide valuable ecosystem services.
